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Wake Alleviation Properties of Triangular-Flapped Wings

J. M. Ortega,* R. L. Bristol,* and 0. Sava§T
University of California at Berkeley, Berkeley, California 94720-1740

The wake alleviation properties of wings with outboard, triangular flap extensions are estimated using data from
particle image velocimetry. The experiments are conducted in a towing tank at chord-based Reynolds numbers
of O(10%). The triangular-flapped wings generate two unequal strength, counter-rotating vortex pairs that have
circulation strength ratios ranging from — 0.4 to — 0.7. Introducing the oppositely signed flap vortices near the tip
vortices causes a rapidly growing instability to occur between the vortices on either side of the wake. The resulting
nonlinear interactions between the vortices result in a wake that is highly three-dimensional and incoherent. These
effects are reflected in a marked decrease in both the rolling moment and downwash on a simulated following wing.
To determine the wake alleviation properties of the triangular-flapped wings, their wakes are compared to that
of a conventional, rectangular wing. For all of the experimental runs, the wakes of the triangular-flapped wings
have maximum rolling moments and downwashes that are substantially less than those of the rectangular wing.
The results indicate that the instability in the wake of the triangular-flapped wings offers a possible mechanism to

reduce significantly the wake hazard problem.

I. Introduction

N airplane flying in the vortex wake of another airplane can ex-

perience motions anywhere from sudden upwash to downwash
to rolling, depending on the airplane’s position and orientation with
respect to the wake. Near the ground this can be especially danger-
ous, as the pilot has less time to recover from rapid changes in the air-
plane’s attitude. This hazard is further intensified at airports, where
airplanes are continually landing and taking off in the vortex wakes
of other airplanes. To deal with the vortex wake hazard, the Federal
Aviation Administration in the U.S. and Civil Aviation Authority
in Europe regulate the separation distances between successive air-
line flights, which presumably allows the following aircraft to avoid
the hazard caused by the previously generated vortices. To account
for the varying behavior of the vortices under different atmospheric
conditions, these separation distances are often overly conservative,
resulting in unnecessary flight delays and the associated frustrations
and costs to the public. Consequently, there is an increasing need
to develop a means of tracking or eliminating the trailing vortex
hazard. Unfortunately, the technology to track precisely or predict
the location of the vortices under all weather conditions is currently
unavailable. As a result, a considerable amount of research has been
directed toward eliminating the trailing vortex hazard by modifying
the airplane that generates them.

In the 1970s NASA tested numerous concepts and devices that
were intended to alleviate the wake hazard. Some of these designs,
such as splines or wing-tip mounted engines, were intended to force
large amounts of turbulence into the vortices.! ™ The idea was that
the additional turbulence would cause the vortices to dissipate more
quickly. Other concepts functioned by modifying the lift distribution
of the wing in order to achieve a safer wake. Rossow describes two
such lift distributions: a saw-tooth wing loading and a tailored wing
loading.’ Active wake alleviation designs included such concepts as
small, pulsatile jets located at the wing tips and spoilers or flaps that
were periodically deployed in flight.? These designs were intended
to excite the Crow instability and rapidly cause the linking of the
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oppositely signed tip vortices. Passive designs included wing-tip
fences, control vortices, and wing-tip turning vanes.?* In spite of
the large number of designs that were tested, none of them were
implemented as a solution to wake hazard problem. Simply put,
some of the concepts did not effectively reduce the wake hazard,
and for those that did the price in airplane performance was too
great to make them practical.

More recently, a few concepts have emerged as potential means
to control the vortex wake. In 2000, The Boeing Company went
public with a design that actively eliminates the wake hazard. By
periodically oscillating the outer ailerons and spoilers, an instabil-
ity is driven, which causes the vortices to form vortex rings rapidly.
A similar idea was also demonstrated in numerical simulations of
Rennich and Lele.® Another concept for reducing the intensity of
wake vortices is based upon an application for military submarines.
The research of Quackenbush et al. over the past few years has
been directed toward an idea called “vortex leveraging.”’~'* This
concept works by placing shape memory alloy control surfaces
on the submarine’s sailplanes and periodically oscillating them.
The modulated control vortices generated by these surfaces interact
with the sailplane vortices, causing an instability to rapidly occur.
Though several numerical simulations have been presented, exper-
imental verification does not appear to be available in the open
literature.

Another concept is the topic of the present work. Although the
trailing vortices cannot be eliminated, they can be forced to lose
their coherence by rendering the wake three-dimensional. As noted
by Rossow, the acceleration of three-dimensional instabilities is the
only viable means for effective wake alleviation.!' As long as the
vortices remain parallel, they behave in a nearly two-dimensional
fashion, which takes a relatively long time to decay. A robust means
to bring about rapid changes in the wake is to utilize passive control
vortices. The control vortices can be generated to have a strength
comparable to that of the tip vortices, allowing them to alter the be-
havior of the tip vortices effectively. This was observed in previous
towing tank studies, which investigated the merger characteristics of
corotating vortex pairs in the wakes of airfoils.'>'3 By introducing
flap vortices near the tip vortices, the trajectories of the tip vortices
were altered so that they no longer descended in a near vertical man-
ner, but orbited about the flap vortices in a helical fashion until the
vortices merged. Because the merged vortices were just as coherent
as the original flap and tip vortices, there was not much reduction in
the wake hazard. In considering these results, the question then arose
as to what would happen if oppositely signed control vortices were
utilized instead? Perhaps by placing these control vortices close to
the tip vortices an instability between them would occur, transform-
ing the two-dimensional nature of the wake into a three-dimensional
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one. Furthermore, the passive nature of such a concept would make
it simple to design and test. An earlier analytical study on the pos-
sible behavior of such a multiple vortex system had been made by
Donaldson and Bilanin,'* and Bilanin et al.'® had studied the wake
of a similar type of wing. However, the short wind-tunnel test sec-
tion used in Bilanin et al.'> prevented the measurements from being
made sufficiently far in the wake of the wing, where the desired
effects take place.

To investigate the preceding idea, flow-visualization experiments
were done in the wake of a wing with outboard triangular flaps.'® The
results of these experiments revealed that the two, counter-rotating
flap/tip vortex pairs undergo a rapidly growing instability within
15-20 spans downstream of the wing. Following this initial set of
experiments, more refined flow-visualization measurements were
done, allowing further investigation of the instability wavelengths
and nonlinear behavior of the vortices.!”'® These observations re-
vealed that the sinuous mode along the weaker flap vortices has
a wavelength that is on the order of one wingspan (Fig. 1). For
runs with smaller circulation strength ratios, the nonlinear effects
of the instability lead to a lateral exchange of vorticity across the
wing centerline within 50 spans. This exchange occurs when vortex
loops from one side of the wake pinch off into rings and advect
themselves across the wake. For vortex pairs with slightly larger

Fig. 1 Dye flow visualization of the instability between unequal
strength, counter-rotating flap and tip vortices in the wake of a triangu-
lar-flapped wing.!”

circulation strength ratios, the nonlinear effects of the instability
remain confined on either side of the wake, as the vortex hoops and
rings are flung vertically above the elevation of the wing. Particle
image velocimetry (PIV) measurements were made to quantify the
relative strengths of the vortices, their trajectories, and the subse-
quent spreading of vorticity during their interactions. Analysis of the
PIV data showed that the two-dimensional kinetic energy drops sig-
nificantly as the instability transforms the two-dimensional nature
of the wake into a three- dimensional one.

Because the distance between the counter-rotating flap/tip pairs is
several times greater than the distance between the flap and tip vor-
tices within each pair, the stability characteristics of the vortices in
the wake of the triangular-flapped wing can be well approximated by
those of a single vortex pair. Theoretical explanations for this insta-
bility of a single vortex pair are presented in Bristol et al.!® In a man-
ner similar to that of Widnall et al.,?’ Bristol et al.'® showed that each
vortex in the flap/tip pair imparts a straining field on the other vortex,
causing sinuous disturbances to grow. The wavelength of maximum
instability is the one in which the vortex self-induced rotation rate
keeps the sinuous disturbance aligned in the straining field of the
other vortex. Unlike the case of an equal-strength, counter-rotating
tip/tip pair,*-2! which has a base state of simple descent, an unequal
strength, counter-rotating vortex pair has a base state of orbital mo-
tion. This imparts an effective rotation to the plane of the sinuous dis-
turbance, shifting the most unstable wavelength. Consequently, the
most unstable wavelength for an unequal strength, counter-rotating
pair is shorter than that for an equal-strength, counter-rotating pair.
The instability is driven by the vortex rate of strain field, which is
proportional to the inverse square of the separation distance between
the two vortices. Thus, the instability grows significantly faster for
a closely spaced flap/tip pair than it does for a widely spaced tip/tip
pair. The experimentally observed instability wavelengths agree fa-
vorably with those predicted by linear stability analyses for both
single and multiple vortex pairs. Computational fluid dynamics sim-
ulations in Bristol et al.'® also highlight several nonlinear features of
the instability that were not accessible in the experiments. Having
provided the explanations for why this rapidly growing instability
occurs, one final point that remains to be discussed is how effective
this instability is at alleviating the wake vortex hazard; given the
rate at which the instability develops, the rapid spreading of vor-
ticity, and the three-dimensional nature of the resulting wake, the
instability in the wake of the triangular-flapped wing is promising
to be an effective wake alleviation concept. This paper addresses
this question through an analysis of the wake alleviation properties
of these triangular-flapped wings.

II. Experimental Setup and Data Processing

PIV measurements are done in a towing tank, which measures
70 x 2.4 m and has a nominal water depth of 1.5 m. In the middle
of the tank is the test section, which has glass windows that give an
underwater view of the tank. A lightweight, aluminum carriage is
used to tow the wings down the length of the tank at high speeds.
The carriage is driven by a 5-hp computer-controlled motor through
a steel cable. To minimize the carriage vibration, the proportional,
integral, derivative input parameters for the motor are fine tuned.
The optimized velocity profile is one in which the carriage under-
goes two to three minor oscillations during the initial acceleration
before it arrives at a constant velocity 10 m upstream of the test
section. Having done flow-visualization experiments from the start
of the carriage motion and to the end of the tank, we did not see
any influence of these initial transients on the vortex wake behavior
being measured. During the experiments, the carriage begins its mo-
tion 25 m upstream of the test section and continues until it reaches
the far end. The reason for towing the carriage to the end of the tank
is that previous experiments have demonstrated that stopping the
carriage causes the wake vortices to burst prematurely. This burst-
ing phenomena slowly propagates downstream along the vortices.
Therefore, if the carriage is stopped too close to the test section the
data collected there soon become contaminated by this effect.

The wings are attached to the carriage by a streamlined strut,
which places them approximately 0.5 m beneath the water surface.
Before conducting the experiments, flow visualization of the strut
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Fig. 2 Planform and side view of the three wings used in the experi-
ment. The dye injection tubing was used in the flow-visualization study
in Ortega et al.'® The right-handed coordinate system (x, y, z) is defined
in panel a.

wake is done using particle streaks in a continuous wave laser light
sheet to confirm that the strut is not yawed, an effect that could in-
validate the subsequent measurements. Slight adjustments are made
to the strut’s yaw angle so that its wake is as thin as possible. To
adjust the wing’s angle of attack, the strut can pivot on its mounting
bracket, allowing the angle of attack to vary between £12 deg in
1-deg increments.

A modular wing (Fig. 2) is used in this experiment to generate
the wake vortices. Depending on the type of lift distribution desired,
different tabs and flaps can be attached to the trailing-edge of the
basic wing. The wing and the trailing-edge tabs and flaps are made
of 3.2-mm-thick, stainless-steel sheet metal that is rolled to give a
camber radius of 17 cm. The leading edge of the wing is tapered
for the first 20 mm, and the trailing-edge tabs and flaps are tapered
over the last 10 mm. On the underside of the wing are four 1.1-mm
wide x 1.1-mm deep channels, which house dye injection tubing.
For this experiment three wing configurations are used: the basic
rectangular-shaped wing, which has a span of »=40.0 cm and a
chord of ¢ =6.67 cm; a wing that has a pair of outboard triangu-
lar flaps, which have a span of 0.25b and a chord of 0.5¢ (denoted
hereafter as 50%c TF); and a wing that has another pair of out-
board triangular flaps, which have a span of 0.25b and a chord of
0.75¢ (denoted hereafter as 75%c TF). The equi-strength, counter-
rotating vortex pair from the rectangular wing serves as a baseline
case, against which the wakes of the triangular-flapped wings are
compared. A right-handed coordinate system (x, y, z), which is at-
tached to the wing, is defined in Fig. 2a.

The PIV processing is performed on successive image pairs with
an adaptive Lagrangian Parcel Tracking (aLPT) algorithm.?>* This
algorithm utilizes interrogation windows that are advected and de-
formed according to the local velocity and velocity gradient fields,
improving the quality of the data in regions of strong deformation.
The outputs of aLPT are the two-dimensional velocity vector field
u; and its gradient tensor du;/dx;, which is computed spectrally.
For this experiment, processing of the PIV images results in data
fields that are 66 bin x 62 bin, giving a resolution of 1 cm/bin with
a 50% overlap between adjacent bins.

Several tests are performed on aLPT to determine its accuracy in
measuring the velocity and velocity gradient fields. These tests are
accomplished by constructing synthetic PIV images in which the
particles are advected according to a known velocity distribution.
The images are rendered in IDL (Interactive Data Language) by gen-
erating a random distribution of particles over a 1008 x 1018 data
array, which is the same size as the PIV camera’s charge-coupled
device. Each particle has a Gaussian intensity distribution, where
the width of the Gaussian is one pixel and the peak value is a random
number between 0 and 255. The particle density is chosen so that
the images appear comparable to those of the experimental data.
Using a second-order Adams-Bashforth scheme, the particles are
then advected by the velocity field of a Lamb-Oseen vortex. The

Table 1 Parameters for the three experimental runs discussed here

Run Wing Up, cm/s  «a, deg Re. Rer Tos/To
13 Rect. 500 3 330,000 82,000 —_—
38 50%c TF 500 2 330,000 101,000 —-0.37
47 50%c TF 500 -1 330,000 55,000 —0.56

circulation strength I'y and core size o of the Lamb-Oseen vortex
are chosen to roughly match those of the experimental data. These
values are used to generate the synthetic PIV data, which are pro-
cessed with aLPT. From these tests it is determined that the standard
deviation between the analytical and measured vorticity and veloc-
ity fields are approximately 3.1 and 4.2% of the maximum analytical
vorticity and velocity values, respectively. These values are taken
as estimates of the experimental accuracy. However, the actual data
contain some out-of-plane motion, meaning that the axial velocity
in the vortex wake carries particles through the light sheet. This loss
of particles might introduce an additional experimental uncertainty,
which has not been accounted for in the preceding analyses.

With the two-dimensional velocity and velocity gradient fields
obtained from aL.PT, flow statistics for a given run are calculated for
the entire field of view, as well as for the individual vortices. Ortega
etal.'® describe several quantities that are calculated. However, only
those relevant to the present wake alleviation study are discussed
next. The analysis of the vortex wake begins with the first frame
in which the wing enters the field of view and continues until the
last frame in the run or until the vortices leave the camera’s field of
view, whichever comes first. The wake’s circulation I' is obtained
by integrating the axial vorticity w:

Flot:fwdA (1

and the position y. = (y., z.) of the overall vorticity centroid from

1
wdA (2)
Tr / Y

The radial vortex structure I'(r) is obtained by fitting the circulation
distribution of a Lamb-Oseen vortex:

F(r) =1 —e/7) 3)

Ye =

to the circulation data of the vortices, where I'y is the vortex strength,
o a measure of the vortex size, and r the distance from vortex
centroid.

For the triangular-flapped wings, analysis of the flap and tip
vortices continues until the instability gives rise to strong three-
dimensional effects in the measurement plane. This criterion is
somewhat subjective because it depends on where the PIV light
sheet cuts the vortex wake. Typically, the flap and tip vortices are
examined until there is a rapid change in their core sizes or until they
begin to merge with each other. After this time calculations for the
individual vortices cease, and the analysis continues only for those
values computed over the entire field of view. For the rectangular
wing the tip vortices are examined over the entire run.

A total of 11 runs with the rectangular wing and 24 runs with
the triangular-flapped wings are done by varying the towing speed
Uy between 300 and 500 cm/s and the angle of attack o between
—1 and 3 deg.'® The corresponding chord-based Reynolds numbers
Re,=cU,y/v are 2.0 x 105 and 3.3 x 10°. The circulation-based
Reynolds numbers Rer =T,/v depend on the lift on the wings
and range 3.8 x 10*-1.1 x 10%; v =0.01 cm?/s is used for the kine-
matic viscosity of water. Table 1 shows the parameters for the three
experimental runs discussed in detail in this paper. For the rectan-
gular wings both the port and starboard side vortices are captured
in the PIV images (Fig. 3a). However, because the wakes of the
triangular-flapped wings spread out so much only the starboard half
of triangular-flapped wings is imaged (Fig. 3b).

III. Rolling Moment and Downwash Estimates

Previous investigations of wake alleviation concepts have mea-
sured the forces on following aircraft to determine how effective
a particular concept was at reducing the wake hazard.'3#24=28 For
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Fig.3 Reference image of a) the rectangular wing and b) the 50% ¢ TF
wing in the view of the PIV camera.

flight tests this often involved flying a smaller airplane into the wake
of a larger commercial transport. In more controlled experiments
various model planes and wings were positioned or towed in the
wake of a larger model airplane. In the present experiment it was
not feasible to set up a similar type of test for the triangular-flapped
wings. However, what is available are the two-dimensional velocity
fields from the moment of formation of the vortex wake up to several
hundred spans downstream. With this information it is possible to
estimate the forces that a simulated, following wing might experi-
ence as it travels in the vortex wakes. Rossow> performed a similar
analysis using an analytical velocity distribution. In the calculations
to follow, an approach similar to that of Rossow” is followed using
the measured velocity fields.

A. Formulation

A schematic of the flowfield is shown in Fig. 4. The simulated fol-
lowing wing is located at (y, z) and has a span of b . The (y’, ) co-
ordinate system s fixed with respect to the following wing and has its
origin at the wing’s center (Fig. 5). The flow inclination angle is o/,
and the flow speed about the wing is V = /(U? + w?), where U is
the translational velocity of the wing and w is the vertical component
of the measured velocity field. The force on a differential portion
of the following wing is given by dL, = %C,D,fafp V2cscosaydy,
where Cy,, is the two-dimensional lift-curve slope, p is the fluid
density, and ¢ is the chord of the following wing. It is assumed
that the following wing travels at the same velocity as the towed
wings, such that U = U,. From the velocity field measurements
the maximum value of |w/Uy| is about 0.15, which implies that
w/Uy= tana; ~ay, V~ U, and cosa, ~ 1. The total force L.,
defined as the downwash, is obtained by integrating dL, over the
span of the following wing to give

by/2
L, =/ EC,D,faprgcfdy’
—bs/2

bf/z / !
w N ,
woL2) 4,

Us )

1 2
= EC,D,procf
—bf/2

Fig. 4 Schematic of the following wing, which has a span of by, in a
typical velocity field.
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Fig. 5 Cross section of the flow about the following wing in Fig. 4.

2.0 T T T T
= * Re,=3.3x10%
o
= - 5
«— 15} ORe;=20x10 § i
@ *
<= *
£
o
«~ 2 1.0 } N
g
= ]
o
05} 4
O
0 1 1 1 1
-1 0 1 2 3 4
o(deg.)
a) Lift, Uol"mt(o) b;;
0.5 T T T T
¥
*
0.4} o -
O
0.3 +F 4
(&)
0.2+ o E
0.1+ g
0.0 I L I I
-1 0 1 2 3 4
of(deg.)
b) Lift coefficient C;

Fig. 6 Lift characteristics of the rectangular wing.
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where it has been assumed that ¢ s is constant. Dividing Eq. (4) by b
gives the average vertical force on the following wing at the location
(y, z). For the sake of simplicity, only the integral quantity

bg/2
D=— w(y', 2)dy’ )
by —by/2

is used as the downwash in the present analysis. The average rolling
moment M, on the following wing is computed in a similar manner,
by evaluating

1 br/2
M, = —/ =Cio 0y pUscyy dy’

by bf/2 2
br/2 I
1 L7 w(,2)
==Cia,pUsc —/ y——dy
5 ey PHo fbf o Us
Again, only the quantity
br/2
R=— Yw(y', ) dy
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Fig. 7 Contours of a) axial vorticity, b) rolling moment, and ¢) downwash in the wake of the rectangular wing (run 13, U, = 500 cm/s, and o =
3.0 deg). The symbols * denote the location of the left and right vorticity centroids. The symbols e denote the location of the maximum rolling moment
Rynax(t) = max|R[x(¢), y, z]|, and minimum downwash D, (¢) = min{ D[x(¢), y, z]} . Because the wake is nearly symmetric, the locations of the maximum
rolling moment and minimum downwash switch occasionally from one side of the wake to the other.
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is considered in the discussion to follow. Because the vortex wake
hazard is particularly dangerous for smaller aircraft, the span of the
following wing is taken to be by =20 cm or half that of the leading
wings. By varying the location (y, z) of the following wing, the cal-
culations of Egs. (5) and (7) are repeated over the entire flowfield,
yielding a two-dimensional distribution of the downwash and rolling
moment on the following wing. Given the finite span of the follow-
ing wing, Egs. (5) and (7) cannot be computed along the left and
right sides of the flowfield. Therefore, for the rectangular wing mea-
surements the downwash and rolling moment data are cropped by
by/2 =10 cm on the left- and right-hand sides of the measurement
plane. For the triangular-flapped wings a slightly different method
of cropping is done, as discussed in Sec. III.C.

B. Rectangular Wing

We take the wake of the rectangular wing as a baseline case.
The lift of the wing is shown in Fig. 6. The quantity UyI'(0)b}
in Fig. 6a is taken as an estimate of the lift generated by the wing,
where ', (0) is the initial circulation in the vortex wake and b; is
the lateral distance between the vorticity centroids on either side of
the wake at O spans. The lift coefficient C; is shown in Fig. 6b. The

plot indicates that the wing is not stalling over this range of «. The
spread in the data points at a given angle of attack and Re, also gives
an indication of the repeatability of the PIV measurements. The lift
is finite at « = 0 deg, which is expected as a result of the camber on
the wing.

Figure 7 shows contours of axial vorticity, rolling moment, and
downwash for run 13 (Uy =500 cm/s, « = 3.0 deg). The positive
contours are drawn in black and the negative ones in gray. The
axial vorticity data are shown to highlight the vortices and to ori-
ent the reader to the flow at the various downstream locations. For
further discussions of the vorticity data, the reader is referred to
Ortega et al.'® The centroid locations of the left and right vortices
are denoted by * and the quantities D, (#) = min{D[x(¢), y, z]}
and Rpax () = max|R[x(?), y, z]| by e. The data fields are cropped
along the left and right borders for the reason just discussed. The
rolling moment is greatest near the cores of the vortices, whereas
the downwash is greatest somewhat inboard of the vortices. Because
the wake is nearly symmetric, the locations of the maximum rolling
moment R, () and minimum downwash D,;, (¢) switch occasion-
ally from one side of the wake to the other. Qualitatively, the plots
on one side of the wake in Fig. 7 appear similar to those in Rossow’
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Fig. 8 Functions of downstream distance from the rectangular wing (run 13, Uy = 500 cm/s, and o = 3.0 deg): a) maximum rolling moment, b)
minimum downwash, and c¢) average and standard deviation of the correlation coefficient data fields from aLPT.
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Fig. 10 Simple horseshoe vortex model of the flap and tip vortices
generated by the triangular-flapped wings.

for a single vortex. The rolling moment and downwash contours
exhibit only slight changes over the course of the run.

The maximum rolling moment R, (#) and minimum downwash
Dy, (2) are plotted in Fig. 8 as functions of downstream distance.
The downstream distance x(¢) is obtained from Uyt, where ¢ is the
time since the wing traveled through the vertical PIV light sheet.
Because the vortices remain coherent during the entire data run, the
downwash and rolling moment exhibit very little decay over the 180
spans of measurements. Consequently, the wake of the rectangular
wing is just as “dangerous” to the /2 span wing at 180 spans as it
is at O span.

Figure 8c shows the average correlation coefficient c.c.,,, and
the standard deviation of the correlation coefficient c.c.yq for each
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Fig. 11 Contours of a) axial vorticity, b) rolling moment, and ¢) downwash in the wake of the 50 % ¢ TF wing (run 38, Uy = 500 cm/s, and o = 2.0 deg).
The symbol * denotes the location of the flap and tip vorticity centroids. The symbols e denote the location of the Ry,.x(¢) = max|R[x(¢), y, z]| and
Dpin(©) = min{ D[x(?), y, z]} . The symbol A shows the location of the starboard-side vorticity centroid.
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processed data field from aLPT. This plot can be taken as a
“goodness” measure of the PIV data during the run time. For this
run the value of c.c.,, remains slightly greater than 0.7. Addition-
ally, c.c.qq is approximately equal to 0.1 over the entire run. For
correlation values equal to 1, there is perfect correlation between
the sequential particle images. This would occur when there is no
fluid motion in the camera’s field of view. The correlation value
would be small if the vortex wake is so three-dimensional that all
of the particles in the first image leave the light sheet and are re-
placed with new ones by the time the second image is captured.
In the following discussions the plot in Fig. 8c will be used as a
reference to determine how good the PIV data are in the wakes of
the triangular-flapped wings.

C. Triangular-Flapped Wings

Figure 9 shows UyI'(0)b; and C; for the 50%c TF and 75%c
TF wings as functions of «. The lift generated by the triangular-
flapped wings is considerably greater than that of the rectangular
wing (Fig. 6a) at the same angle of attack and speed. This result
might seem counterintuitive given the fact that the oppositely signed
flap vortices cancel a portion of the circulation in the wake from
the tip vortices. However, a simple horseshoe model of the vortex
wake shown in Fig. 10 illustrates why the lift is greater for the
triangular-flapped wings. In Fig. 10 the vortex wake is modeled by
three vortex filaments: two horseshoe vortices of strength I', from
the triangular flaps and a single horseshoe filament of strength I';
from the rectangular portion of the wing. The distance between the
legs of the I'; filament is b, whereas that for the I'; filaments is
d. Without the flap vortices the distance b* between the circula-
tion centroids on either side of the wake is b, and the correspond-
ing lift is proportional to I';b* =T"|b. Placing the counter-rotating
flap vortices next to the tip vortices changes the distance b* be-
tween the circulation centroids. Therefore, the lift is proportional to
Ty + T, —Ty)b* =T[b+2(Iy/T'1)d], which is greater than the
lift generated by the single horseshoe filament of strength I';.

The PIV measurements for the triangular-flapped wings are only
made on the starboard-side of the wake, preventing the rolling mo-
ment and downwash from being calculated at the wake centerline.
This is caused by the finite span of the following wing, which crops
the contours by 10 cm on either side of the measurement plane.
Consequently, the quantities R« (f) and Dy, (f) might be in error,
especially if they have extrema near the wake centerline. To remedy
this potential source of error, a mirror image of the velocity field is
placed on the left side of the original velocity field, in effect, gener-
ating a port-side, counter-rotating vortex pair. With this four-vortex
wake Rpax (f) and Dy, () can be computed at the wake centerline.
This reflection technique is not quite exact because the wakes of
the triangular-flapped wings are not exactly symmetric. As seen
in the flow-visualization pictures,'® the instability between the flap
and tip vortices develops independently on either side of the wake.
Additionally, what is called the centerline of the triangular-flapped
wings might have a slight error. Because the interrogation windows
in aLPT are not integer multiples of the image size, the PIV im-
age is cropped along its borders. This subsequently introduces an
uncertainty of about 2cm in the centerline location. Therefore, the
reader should keep in mind these shortcomings in the following
discussions.

Figure 11 shows in columns contours of axial vorticity, rolling
moment, and downwash, respectively, for the 50%c TF wing at
U, =500 cm/s and & = 2 deg (run 38). The flap-to-tip vortex strength
ratio Ty /Ty is —0.37, where Ty and [y, are the average circu-
lations of the flap and tip vortices. For each column of plots, the
same contour levels are used. The vorticity data are shown to ori-
ent the reader to the flow at the various downstream locations. At
x(t)/b =0 the rolling-moment contours vary from negative to posi-
tive to negative as one proceeds outboard from the wake centerline.
The symbol e in these plots indicates the location of the maximum
rolling moment R, (#) and the symbol * the locations of the flap
and tip vortices. The symbol A marks the location of the overall vor-
ticity centroid. As the instability between the flap and tip vortices
becomes nonlinear, the distribution of the rolling moment becomes
more widespread. By 125 spans the rolling-moment contours cover

a large region of the measurement plane, and the maximum rolling
moment has dropped significantly from its value at x(z)/b =0.

Contours of downwash on the following wing are shown in the
third column of Fig. 11. Unlike the rolling moment, the minimum
downwash D, (¢) (e) occurs inboard of the flap and tip vortices.
In fact, the location of minimum downwash at x(¢)/b = 0 occurs at
y/b < 0.25, indicating that this value would not have been computed
if the velocity field reflection were not performed. One interesting
observation from Fig. 11 is the lateral spreading of the downwash. At
x(t)/b =0 the negative contours are located at y/b < 0.5. However,
by 125 spans the instability has spread these negative contours, such
that they are now located at y /b < 0.75.
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Figures 12a and 12b shows the trends of maximum rolling mo-
ment R, () and minimum downwash D,;,(¢) over the course of
run 38. The trajectories of the flap and tip vortices, as well as that
of the overall centroid, are shown in Fig. 12c to demonstrate the
position of the wake during the measurement period. The curved
black lines are the positions of the flap and tip vortices prior to the
rapid change in vortex structure at 36 spans. The thick, black line de-
notes the centroid of the wake for x (¢) /b < 36, whereas the gray line
marks it for x (¢) /b > 36. Prior to 36 spans (vertical dashed line), the
rolling moment undergoes oscillations in which it has local maxima
atx(r)/b=0and x(¢)/b~ 25 and a local minimum at x (¢) /b ~ 10.
The reason for this fluctuation is the change in the orientation of the

counter-rotating pair. At x(¢)/b=0 and x(r)/b~ 25 the flap and
tip vortices are horizontally aligned and, therefore, impart a larger
rolling moment on the following wing. At x(¢)/b ~ 10 the vortices
are vertically aligned, and the corresponding rolling moment is less.
At 36 spans the vortex cores undergo a sudden change in structure,
as the instability becomes nonlinear. After this location the rolling
moment decreases substantially and continues to decay over the rest
of the run. By 243 spans the rolling moment has decreased by ap-
proximately 80% from its initial value. The downwash for run 38 is
shown in Fig. 12b. Like the trends of the rolling moment, the down-
wash decays considerably over the run as the wake becomes increas-
ingly three-dimensional and incoherent. The average and standard
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Fig. 13 Contours of a) axial vorticity, b) rolling moment, and ¢) downwash in the wake of the 50%c¢ TF wing (run 47, U, = 500 cm/s, and o =
— 1.0 deg). The symbol * denotes the location of the flap and tip vorticity centroids. The symbols e denote the location of the R, (f) = max|R[x(¢),
¥, z]| and D iy (¢) = min{ D[x(¢), y, z]} . The symbol A shows the location of the starboard-side vorticity centroid.
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deviation of the correlation coefficient from aLPT is shown in
Fig. 12d. Although c.c.,, decreases somewhat over the course of
the run, it remains at values comparable to those of the rectangular
wing’s wake (Fig. 8). Likewise, c.c.gq has values that are about equal
to those of the rectangular wing in run 13. This demonstrates that
the time (6 ms) between the sequential PIV images is small enough
to reduce the amount of particles leaving the light sheet. If the max-
imum axial velocity of the particles is taken to be on the order of the
maximum azimuthal velocity in the vortices (50 cm/s; see Fig. 31
in Ref. 18), the particles move about 0.25 cm axially, which is less
than the thickness (1 cm) of the light sheet. Consequently, aLPT can
measure the two-dimensional velocity and velocity gradient fields
despite the fact that the wake becomes highly three-dimensional.

For larger values of |I'y;/Ty|, the qualitative features of the
downwash and rolling-moment distributions are similar to those
just described. Figure 13 shows this for run 47 (Uy =500 cm/s,
o = —1.0 deg, 50%c TF, I'y; /To; = — 0.56). Once again the nega-
tive contours of downwash exhibit lateral spreading and the rolling-
moment distribution grows more diffuse as a result of the wake
instability. Figuresl4a and 14b show the time-varying values of
Rinax (2) and Dy, (7). At 40 spans the structure of the vortex cores
suddenly changes, and the rolling moment and downwash decrease.
Over the rest of the run, both the downwash and rolling moment
demonstrate little decay. Because |’y /Ty | is larger in this run than
that in run 38, the flap and tip vortices trace out paths that have larger
radii of curvature (Fig. 14c). Additionally, c.c..ye and c.c.qq have
values that are near those of the rectangular wing over the entirety
of the run.

From the data in runs 13, 38, and 47, it can be seen that the down-
wash and rolling moment of the triangular-flapped wings behave in a
manner quite unlike that of the rectangular wing. However, because
the wings in these runs generate unequal amounts of lift a more
accurate comparison must be made by nondimensionalizing by the
lift of the wings, which is proportional to UyI',, (0)b;. To make a
proper comparison, the lift of the rectangular and triangular-flapped
wings is equated to the lift generated by a simple horseshoe vortex
of strength I';,, where

Fh == (bg/b) Fto( (8)

For the rectangular wing inrun 13, I';, =740 cm?/s. On the other
hand, I';, = 1220 cm?/s for run 38 and I';, = 800 cm?/s for run 47.
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Figure 15 shows the dimensionless rolling moment Ry, (¢)/ '), and
downwash D,;, (1)/(I'), /b ) for these three runs. Initially, the rolling
moments of the 50%c TF wing are greater than that of the rectangular
wing. As soon as the instability becomes evident in the measurement
plane, the rolling moments of the triangular-flapped wing rapidly
drop below the value for the rectangular wing. Because the wakes in
runs 13 and 38 descend out of view during the measurement period,
their rolling moments are only plotted up to 180 and 243 spans.
The downwash of the triangular-flapped wing is less than that of the
rectangular wing at x(¢) /b =0. When the nonlinear effects of the
instability propagate through the measurement plane, the downwash
begins to decrease. By 150 spans the downwash of the triangular-
flapped wing is about { of the value for the rectangular wing.
Figure 16 compares Rumax(t)/ Ty and Dyin(t) /(T /by) for the
50%c TF, 75%c TF, and rectangular wings at three downstream
locations [x(¢)/b=0, 75, and 150] for all of the runs in Ortega
etal.'® at Uy =500 cm/s. Again, the rolling moment and downwash
have been nondimensionalized to account for the different values
of lift in each of these runs. Figures 16a and 16d show that the
rolling moment and downwash of the rectangular wing typically
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exhibit little decay during the measurement period. The results for
the triangular-flapped wings are plotted in Figs. 16b, 16¢, 16e, and
16f. The horizontal dashed lines in these figures represent the aver-
age values of R (t)/ T, and Dy, (1) /(T /b ) for the rectangular
wing at x(¢)/b =75. Although the flap extensions of the 75%c TF
wing are larger than those of the 50%c TF wing, the trends in the data
are similar. There is not a strong dependence on the flap-to-tip cir-
culation strength ratio I'y /T, It is evident that the rolling moment
and downwash of the triangular-flapped wings decrease noticeably
during the first 150 spans. Furthermore, by 75 spans the rolling mo-
ment and downwash of the triangular-flapped wings are always less
than those of the rectangular wing. For the 50%c TF wing the great-
est reduction in the rolling moment at x (t) /b = 75 occurs for run 44
(Tos/Tor = —0.49), in which Ry (1) / Ty is 62% less than the aver-
age value for the rectangular wing at the same downstream location.
Also, the 50%c TF has the greatest reduction in the downwash in
run 47 (l:‘Of/l:‘O, =—0.56), in which D, (1)/(T'),/by) is 65% less
than the average value for the rectangular wing at x(¢)/b =75. For
the 75%c TF wing at x(¢)/b =775, the reductions at x(¢)/b =175
are comparable: a 67% reduction in the rolling moment for run 53
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Fig. 16 Dimensionless maximum rolling moment and downwash for the rectangular (a and d), 50%¢c TF (b and e), and 75%c TF (c and f) wings at
x(@)/b = 0,75, and 150; - - -, average values for the rectangular wing at x(¢)/b = 75.
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(li‘of/f()[ = —0.41) and a 67% reduction in the downwash for run 59
(Fgf/rg, = —060)

From the data in Fig. 16, an important conclusion is drawn: the
50 and 75%c triangular-flapped wings generate a wake that has a
rolling moment and downwash that is significantly less than that of
the rectangular wing by 75 spans.

IV. Design Issues

As with many of the proposed concepts for reducing the wake
hazard, the triangular-flapped wing design comes with its own set
of challenges. The first is that of drag. By generating oppositely
signed control vortices, the induced drag on the wing will more than
likely increase. However, the triangular flaps would be extended only
during takeoft and landing, when following aircraft are relatively
close. During landing, the additional drag would not be a problem
because the plane is already decelerating. But during takeoff, the
added drag would call for higher engine thrust.

The second challenge of this concept is that of structural modi-
fications. In its present form this wake alleviation concept operates
by increasing the wing’s outboard loading, which generates a larger
bending moment in the wing. If this design were incorporated into an
airplane, the increased bending moment would have to be compen-
sated by strengthening the wing. For this reason the use of outboard
flaps would best be employed on a new aircraft design and not an
existing one. Perhaps, a means of circumventing this shortcoming
is to use other designs, such as vertically oriented flaps®® or the
horizontal stabilizer, to generate oppositely signed control vortices.

Despite the challenges, this wake alleviation concept does pos-
sess several advantages. The first is that it is completely passive.
Requiring no oscillating flaps or pulsed jets, the triangular-flapped
wing design functions by simply placing oppositely signed vortices
inboard of the tip vortices and using their presence to disrupt the
coherence of the wake. There are no concerns of degraded passenger
comfort as there is likely to be in a design that periodically varies
the lift distribution or vortex core sizes. Additionally, because the
flaps do not oscillate there would be no concerns about maintaining
them against structural fatigue.

The second advantage of this concept is that the instability be-
tween the flap and tip vortices evolves very rapidly when compared
to the Crow instability, the mechanism that typically brings about
the demise of the vortex wake. Following Crow’s?! analytical study
of the long-wave instability for a counter-rotating vortex pair, nu-
merous wake alleviation concepts were tested in an effort to has-
ten this instability.>>*3° The hypothesis was that if this instability
could be externally forced to grow the linking of oppositely signed
tip vortices would form Crow rings more quickly, hence changing
the two-dimensional nature of the wake into a three-dimensional
one. The resulting incoherent wake would pose less of a threat to
following aircraft. However, one drawback of the Crow instability
is its slow growth rate. Typically, it requires a few hundred spans to
develop, making it a less attractive candidate for rapid wake attenu-
ation. The primary reason for this slow growth rate is that the large
spacing between the tip vortices reduces the rate of strain that they
induce on each other. Because the rate-of-strain field is the driving
mechanism of the instability’s growth, it takes that much longer
for the perturbations to become finite in size. On the other hand,
by reducing the distance between oppositely signed vortices, as is
accomplished with the triangular-flapped wing, the instability can
grow more rapidly. Furthermore, once the instability is triggered
the nonlinear effects overwhelm the flow. The flow-visualization
data in the wakes of the triangular-flapped wings demonstrate that
the instability grows to a finite size typically within 15-20 spans
downstream of the wing. By 75 spans, at which time the rectangu-
lar wing’s wake is still descending peacefully, the two-dimensional
nature of the triangular-flapped wing’s wake has been completely
transformed into a three-dimensional one.

The third advantage of this wake alleviation concept is that, al-
though it is passive, its design does allow for the control of the
nonlinear evolution of the wake. By varying the relative circulation
strength of the flap vortices from only —0.4 to —0.7, it has been ob-
served that the behavior of the vortex wake can be widely altered.'
For smaller values of | Ty /Ty, there is a large exchange of vortic-

ity across the wing centerline in the form of vortex rings. For larger
values of [T/, the vortices are confined to each side of the
wake, and the instability leads to an upward ejection of vorticity.
Therefore, depending on the type of behavior desired in the vortex
wake and the background flow conditions (wind shear, crosswinds,
and turbulence) the strength of the flap vortices can be individually
adjusted accordingly.

V. Conclusions

The wake alleviation properties of triangular-flapped wings are
estimated by comparing the rolling moment and downwash in the
wakes of the triangular-flapped wings with those in the wake of a
baseline, rectangular wing. Using planar PIV velocity field data,
the rolling moment and downwash are calculated over a simulated
following wing, which has a span half that of the wings. For the
unmodified, rectangular wing the trailing vortex wake is stable,
two-dimensional, and long-lived, resulting in a rolling moment and
downwash that exhibit minimal decay over the time of measure-
ments. On the other hand, the triangular-flapped wings generate a
trailing vortex wake that has significant wake alleviation properties.
The triangular-shaped flaps produce oppositely signed flap vortices
near the tip vortices, resulting in a vortex wake comprised of two
unequal strength, counter-rotating vortex pairs. Within 15-20 spans
these vortex pairs undergo a rapidly growing sinuous instability
that transforms the two-dimensional nature of the wake into a three-
dimensional one. The resulting distributions of rolling moment and
downwash are shown to be highly diffuse when compared to those
in the wake of the rectangular wing. Furthermore, both the maxi-
mum rolling moment and downwash are approximately one-half the
average value for the rectangular wing by 75 spans. This behavior is
seen to exist for all of the experimental runs over which the counter-
rotating flap vortices have strengths ranging from 40 to 70% of that
of the tip vortices. The results demonstrate that the instability in the
wake of the triangular-flapped wings offers a possible mechanism
for rapid and effective wake alleviation.
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